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 Friction stir welding (FSW) is a novel solid-state joining process that outperforms standard 
fusion welding methods, particularly for aluminum alloys. Thermal behavior during FSW 
has a significant impact on the microstructure, hardness distribution, and overall weld 
quality. Objective: The purpose of this study is to investigate the influence of heating the 
welding torch prior to the friction welding process on the mechanical characteristics and 
microstructure of aluminum alloys, with the goal of improving joint quality, hardness, and 
durability. Conclusion: The results of the investigation demonstrate that the hardness and 
structure of samples during the FSW process are directly and visibly impacted by the 
welding tool's temperature. Hardness rises at low to moderate temperatures (~100 ℃) due 
to enhanced microstructural homogeneity and reduced grain size. However, it decreases at 
high temperatures (325–400 ℃) due to grain growth and strain hardening. At 475 ℃, there 
was a dramatic rise in hardness caused by the development of new solid phases or local 
recrystallization. The results confirm that the highest mechanical performance is obtained 
at moderate temperatures, with a balance of deformation hardening and thermal softening. 
The investigation also discovered regional changes between samples that suggest 
microstructural alterations. These findings demonstrate that managing the temperature of 
the welding tool is critical for enhancing the mechanical characteristics and quality of 
joints. In summary, heating the welding pen promotes a more homogeneous weld with 
acceptable hardness and enhanced microstructure, as well as reducing flaws caused by 
thermal anisotropy or mechanical deformation. 
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1. INTRODUCTION 
 

Since 1991, precise and sophisticated industries have used 
friction welding, a method of joining parts without melting. 
The welding tool's rotational speed, the feed carriage's linear 
speed, the amount of compressive force needed to keep the 
tool and workpiece in constant contact, the shape and angle of 
the welding tool tip, the type of material, and the welding 
torch's preheating are all important independent variables. 
These variables affect heat distribution, residual stress, and the 
joint's mechanical characteristics. Some of the heat produced 
and distributed throughout the workpiece will have an impact 
on the distribution of residual stress, deformation, and weld 
quality [1-7]. During rotary friction welding, friction produces 
heat that considerably softens the material. During rotational 
friction welding, the microstructure of the joint and its 
surroundings are changed by the frictional pressure and 
ensuing discomfort. Friction time is directly correlated with 
rotational speed and frictional pressure. This guarantees the 
weld element's maximal heating and few short circuits [8-10]. 
The two types of friction welding processes are continuous 
cooling and fast heating. Because of the strong friction 

between the samples, the temperature rises quickly during the 
heating process [11, 12]. Temperature increases immediately 
following the first stage of the welding process, as indicated 
by the relationship curves between temperature and time in 
welding processes. This increase in temperature is 
accompanied by a higher coefficient of friction and plastic 
deformation [13, 14]. 

The effects of welding settings on the microstructure and 
joint characteristics have piqued the curiosity of researchers. 
Butt welding is performed on thin sheets of 6061-T6 
aluminum alloy and one type of high-strength advanced steel. 
They investigated how process parameters affected the 
formation of the joint microstructure based on the temperature 
and weld mechanical strength measured during the welding 
process [15, 16]. The effects of welding settings on the 
microstructure and joint characteristics have piqued the 
curiosity of researchers. One type of advanced high-strength 
steel and thin sheets of 6061-T6 aluminum alloy were butt 
welded using the friction stir welding (FSW) technique [17]. 
Based on temperature and mechanical weld strength 
measurements made throughout the welding process, 
researchers looked into how process variables affect the joint's 
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microstructure. The study [18] also examined how a particular 
high-speed steel (HSS) base material affected joint efficiency. 
It came to the conclusion that the main elements influencing 
joint efficiency are the thermomechanical effect of the 
aluminum alloy and appropriate mechanical bonding between 
the heat-exposed regions. The investigations [19, 20] also 
looked at the surface interaction that resulted from frictional 
welding in aluminum-steel joints, which had a major impact 
on joint strength. The proposed alloy must maintain a hardness 
of at least 85% in comparison to the base alloy during welding, 
especially in the heat-exposed areas. In automobile design, 
reducing stress, corrosion, cracking, and sag is essential [21-
23]. The findings indicated that extending the preheating 
period shortens the time needed for the process to reach both 
the immersion and preheating stages. The results of the 
thermal history modeling demonstrated a respectable level of 
agreement with the corresponding experimental data found in 
existing literature. Numerous studies have found that 
preheating before welding can lessen the amount of heat 
produced by friction between the workpiece and the rotating 
tool. Additionally, preheating the weld enhances the 
microstructure and lowers the rate of tool wear [24-26]. The 
study  [27] looked at the effects of the tilt angle (0º to 4º) on 
the AA 2014–T6 joints. The results demonstrated that the 
three-degree tilt angle joints had better lap shear strength and 
hardness, finer grains in SZ, and an 84% welding efficiency. 
The investigation agreed with the study [28] regarding the 
effect of increasing the tilt angle on the metal flow in the 
welding zone. In order to produce a perfect joint, it has been 
demonstrated that the FSW process needs to be carefully 
planned from the perspective of each of these factors [29]. 
Heat treatment of ECA Ped 7075 and 6061 aluminum alloys 
was found to improve their crystalline phase and increase their 
hardness and toughness [30]. The findings also showed that 
the highest level of hardness was achieved by heat treating 
alloy 6061 for 30 minutes at 550 ℃ and aging it for 8 hours at 
165 ℃. The alloy's hardness was primarily affected by the 
aging temperature [31]. For the Al 2024 alloy, the ideal heat 
treatment parameters are 490 ℃ for the solution temperature, 
30 minutes for the solution time, 180 ℃ for the aging 
temperature, and 6 hours for the aging period. The Al 2024's 
predicted hardness value, after heat treatment under these ideal 
circumstances, is 80.9 RHB [32]. The impact of various 
cooling rates during casting on the microstructure, mechanical 
properties, and corrosion behaviour of aluminum alloys in the 
6xxx family was investigated. Based on the findings of the 
inquiry, the following conclusions are drawn: The grain size 
distribution grew more uniform and finer as the cooling rate 
increased. A quickly solidified cast has high strength due to its 
homogeneous microstructure and finer grains. Mechanical 
properties and corrosion resistance both improved as the 
cooling rate increased. The improved corrosion resistance is 
due to chemical uniformity and microstructural refinement 
[33]. The solid-state principle without metal fusion, which 
minimizes thermal distortions and maintains the mechanical 
properties of the metal, is the basis for FSW, which has been 
demonstrated in earlier research to be an efficient substitute 
for traditional welding techniques. Most research has focused 
on the effects of rotation speed, feed speed, tilt angle, and 
welding tool shape on improving the quality of mechanical 
joints and regulating heat distribution during welding [1-10]. 
Other studies have shown that the temperature rise resulting 
from friction directly affects the development of the 
microstructure and the heat-affected zone (HAZ), and that 

choosing appropriate welding parameters ensures heat balance 
and reduces residual stresses [11-20]. Some recent research 
has indicated the importance of pre-heat treatment and pre- 
heating of the welding tool in improving metal flow and 
reducing wear at the tool tip, as well as its role in increasing 
the hardness of the weld zone and improving the 
microstructure [23-26]. Other results have shown that the tool 
tilt angle affects welding efficiency and joint toughness. The 
optimum angle (approximately 3°) achieved the best 
mechanical efficiency for welding AA2014-T6 alloy [27-29]. 
Furthermore, some studies have focused on improving the 
hardness and thermal resistance of aluminum alloys through 
heat treatment and controlling the cooling rate during casting, 
which resulted in a refined grain structure and improved wear 
and tensile strength [30-33]. By comparison, it can be noted 
that most previous studies addressed the effects of machining 
parameters, tool shapes, and heat treatment, while pin 
preheating was not given sufficient attention as a factor 
affecting temperature distribution and hardness in the FSW 
process. In order to improve thermal balance and the 
mechanical qualities of welded joints, this study attempts to 
close this gap by first examining the impact of pin preheating 
on the temperature distribution and hardness of specimens 
made of aluminum alloy. 

 
 

2. AIM OF THE STUDY 
 

In this investigation, aluminum alloy models will be welded 
at various temperatures while accounting for preheating the 
welding pen, and research the alloys' surface temperature 
distributions that are welded using the FSW technique, and 
examine the impact of this on the hardness resistance. The 
novelty of this research is the precise determination of the 
optimum temperature for the welding pen, the clarification of 
differences between tool sets, and the demonstration of the 
local influence of microstructural transformations on hardness. 
These observations provide a more detailed and practical 
understanding of how to improve the performance of rotary 
friction stir welds compared to previous studies that focused 
solely on average hardness without addressing local variation 
or the precise optimum temperature range. 

 
 

3. THE PRACTICAL AND EXPERIMENTAL ASPECT 
 
3.1 Models and metal properties 
 

Fourteen models of aluminum alloy sheets (AA-2024) were 
used in this investigation. The specimen in this study had the 
following dimensions: 100 * 40 * 7 mm. Figure 1 and Table 1 
present the results of the chemical analysis of the alloy 
component proportions and compare them with the European 
Aluminum Association (EAA)-approved standard proportion 
values. The aluminum alloy's thermal characteristics are 
displayed in Table 2, which has dimensions of 110 * 80 * 5 
mm. As shown in Table 2, the welding tool was heated before 
the welding process began.  
 
3.2 Equipment utilized and its operation 
 

All FSW operations are performed using a conventional 
vertical milling machine. The feed carriage speed of 42 
mm/min, the welding tool speed of 1300 rpm, and the tool 
inclination angle of 1.2 degrees were selected for the current 
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study. Before beginning the welding process for each model, 
a device was used to heat the welding tool. The duration of 
2.30 minutes is required to weld every specimen. In Figure 2, 
the grinding machine used for FSW is shown. 

The figure illustrates the stages of the friction welding 
process using a welding torch mounted on a machine. The 
welding torch is seen in Figure 2(A), above the fixed piece of 

metal, before the procedure starts. As the torch submerges 
itself in the material and the welding process starts, Figure 2(B) 
illustrates the production of heat and friction. In order to track 
the thermal effect, a digital instrument is used to measure the 
temperature during the procedure, as seen in the final Figure 
2(C). 

 

 
 

Figure 1. The shape and dimensions of the parts to be welded 
 

 
 

Figure 2. The apparatus, experimental configuration, and steps used in the friction stir welding (FSW) technique 
 

Table 1. The aluminum alloy AA-2024's actual chemical composition is used in the friction stir welding (FSW) method 
 

Elements Materials Zn % Si % Fe % Cu % Mn % Mg % Cr % Ti % Al % 
Actual value 0.24 0.41 0.48 4.2 0.51 1.59 0.08 0.17 92.48 

 
Table 2. Properties of the aluminum alloy used in the study, both mechanical and thermal 

 

 Density, 
Kg/m3 

Tensile 
Yield 

Strength, 
MPa 

Ultimate 
Tensile 

Strength, 
MPa 

% 
EL 

Modulus 
of 

Elasticity, 
GPa 

Shear 
Modulus, 

Gpa 

Hardness, 
Vickers 

Hardness, 
Brinell 

Passion’s 
Ratio, 𝝁𝝁 

CTE, 
Travel 
205, ℃ 

Specific 
Heat 

Capacity, 
j 

g‧℃ 

Thermal 
Conductivity, 

𝑊𝑊 
m‧℃ 

Melting 
Point, 
℃ 

Actual 
value 2780 345 483 10 73.1 28 56 46 0.33 24.3 0.873 121 638 

 
 

4. RESULTS AND DISCUSSION 
 
4.1 Hardness result 
 

Table 1 shows the results of temperature and hardness 

measurements (in Vickers HV) for FSW samples using tools in 
three groups (A, B, and C) and at seven welding temperatures 
(from 25 ℃ to 475 ℃). The table shows a gradation in the 
temperature values measured at the different points (A1–A6, 
B1–B6, and C1–C6), with a general increase in temperature 
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observed as the tool temperature increases. Hardness values 
vary between groups depending on the welding temperature; 
the highest hardness values are recorded at intermediate 
temperatures (100–250 ℃), while hardness gradually 
decreases at higher temperatures (325–475 ℃) due to the 
effects of thermal softening of the metal. In general, the table 
highlights the relationship between the tool temperature 
during welding and the mechanical properties (hardness) of 
the weld metal, helping to determine the optimum temperature 
for achieving the highest possible hardness. 

Comparative Discussion of the Seven Welding Models. 
Table 3 presents a detailed comparison between temperature 
variations and hardness (HV) across seven FSW models (1–7) 
conducted at tool temperatures ranging from 25 ℃ to 475 ℃. 
Each model includes three tool groups (A, B, and C), and their 
respective hardness responses are analyzed below. 

Model 1 (25 ℃): Low welding temperature. Hardness 

values: A = 60.54 HV, B = 79.20 HV, C = 64.15 HV. The 
highest hardness is in group B, indicating that lower heat input 
preserved the base metal structure without softening. 

Model 2: Moderately hot, ideal temperature (100 ℃). 
Hardness values: 89.41 HV for A, 77.17 HV for B, and 89.41 
HV for C. The two with the maximum hardness, A and C, 
indicate the perfect equilibrium between thermal softening and 
plastic deformation. When it comes to hardness performance, 
this model is the greatest.  

Model 3: Elevated temperature (175 ℃). 78.18 HV, 64.15 
HV, and 64.15 HV are the hardness values, respectively. 
Thermal impacts and increased grain growth cause a 
discernible decrease in hardness, particularly for groups B and 
C. High temperature and moderate softening are features of 
Model 4 (250 ℃). A ≈ 80.25 HV, B ≈ 72.42 HV, and C ≈ 79.20 
HV are measurements of hardness. A and C continue to have 
a respectable level of hardness, although B degrades more.  

 
Table 3. Effect of welding tool temperature on heat distribution and spot hardness in rotary friction stir welding 

(FSW) models 
 

Sample Tool Temp. Welding ℃ Temperature Points ℃ Hardness Points HV 
Group A Group B Group C Group A Group B Group C 

1 25 ℃ 

A1 54 B1 78 C1 42 A1 60.539 B1 79.200 C1 64.152 
A2 82 B2 106 C2 83 A2 60.539 B2 79.200 C2 64.152 
A3 84 B3 101 C3 91 A3 60.539 B3 79.200 C3 64.152 
A4 97 B4 116 C4 90 A4 60.539 B4 79.200 C4 64.152 
A5 119 B5 120 C5 98 A5 60.539 B5 79.200 C5 64.152 
A6 74 B6 97 C6 79 A6 60.539 B6 79.200 C6 64.152 

2 100 ℃ 

A1 65 B1 96 C1 80 A1 89.410 B1 77.170 C1 89.410 
A2 89 B2 107 C2 95 A2 89.410 B2 77.170 C2 89.410 
A3 95 B3 99 C3 88 A3 89.410 B3 77.170 C3 89.410 
A4 93 B4 119 C4 95 A4 89.410 B4 77.170 C4 89.410 
A5 99 B5 137 C5 116 A5 89.410 B5 77.170 C5 89.410 
A6 94 B6 134 C6 96 A6 89.410 B6 77.170 C6 89.410 

3 175 ℃ 

A1 102 B1 155 C1 123 A1 78.175 B1 64.152 C1 64.152 
A2 105 B2 142 C2 112 A2 78.175 B2 64.152 C2 64.152 
A3 110 B3 136 C3 106 A3 78.175 B3 64.152 C3 64.152 
A4 115 B4 128 C4 112 A4 78.175 B4 64.152 C4 64.152 
A5 105 B5 132 C5 109 A5 78.175 B5 64.152 C5 64.152 
A6 105 B6 133 C6 93 A6 78.175 B6 64.152 C6 64.152 

4 250 ℃ 

A1 100 B1 136 C1 90 A1 82.400 B1 72.422 C1 79.200 
A2 110 B2 125 C2 103 A2 80.246 B2 72.422 C2 79.200 
A3 108 B3 125 C3 120 A3 80.246 B3 72.422 C3 79.200 
A4 101 B4 125 C4 128 A4 80.246 B4 72.422 C4 79.200 
A5 114 B5 134 C5 121 A5 80.246 B5 72.422 C5 79.200 
A6 103 B6 125 C6 118 A6 80.246 B6 72.422 C6 79.200 

5 325 ℃ 

A1 127 B1 140 C1 116 A1 65.689 B1 68.099 C1 68.099 
A2 106 B2 140 C2 127 A2 65.689 B2 68.099 C2 54.761 
A3 120 B3 153 C3 124 A3 65.689 B3 68.099 C3 55.972 
A4 105 B4 168 C4 108 A4 65.689 B4 68.099 C4 54.761 
A5 117 B5 172 C5 122 A5 65.689 B5 68.099 C5 54.761 
A6 180 B6 145 C6 112 A6 65.689 B6 68.099 C6 54.761 

6 400 ℃ 

A1 140 B1 180 C1 125 A1 58.515 B1 69.781 C1 65.689 
A2 130 B2 146 C2 130 A2 97.353 B2 69.781 C2 65.689 
A3 120 B3 165 C3 125 A3 80.246 B3 69.781 C3 65.689 
A4 114 B4 130 C4 117 A4 69.781 B4 69.781 C4 65.689 
A5 106 B5 136 C5 108 A5 66.478 B5 69.781 C5 65.689 
A6 105 B6 126 C6 108 A6 64.152 B6 69.781 C6 65.689 

7 475 ℃ 

A1 128 B1 180 C1 130 A1 94.592 B1 57.222 C1 94.592 
A2 122 B2 150 C2 129 A2 72.422 B2 57.222 C2 72.422 
A3 120 B3 137 C3 120 A3 82.400 B3 57.222 C3 82.400 
A4 122 B4 133 C4 115 A4 94.592 B4 72.422 C4 94.592 
A5 116 B5 122 C5 116 A5 101.728 B5 68.099 C5 101.728 
A6 108 B6 126 C6 109 A6 109.704 B6 64.152 C6 109.704 
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Model 5: Strong softening region at 325 ℃. A ≈ 65.69 HV, 
B ≈ 68.10 HV, and C ≈ 55–68 HV are the hardness values. 
Because of recrystallization and grain coarsening, all groups 
exhibit decreased hardness.  

Model 6: Extreme softening at 400 ℃. Hardness: B ≈ 69.78 
HV, C ≈ 65.69 HV, and A = 58.51–97.35 HV (varying). 
Inconsistent hardness and a loss of mechanical integrity are 
caused by high temperatures.  

Model 7: Extremely high heat input (475 ℃). HV ranges for 
hardness are A ≈ 72–110, B ≈ 57–72, and C ≈ 94–109. 
Surprisingly, Group C has the maximum hardness; this could 
be because of the phase change or localized recrystallization. 
The lowest hardness is recorded by B.  

General Performance Ranking: Model 2: The ideal welding 
temperature, with the highest and most stable hardness 
(100 ℃). Model 7 (475 ℃): Group C has high hardness; 
however, less reliable. Model 4: Moderately stable hardness at 
250 ℃. The start of thermal softening for Model 3 (175 ℃).  

The low heat input of Model 1 (25 ℃) limits its usefulness. 
Softening causes Model 5 (325 ℃) to lose hardness. Over-
softening causes Model 6 (400 ℃) to have the lowest hardness. 
Lastly, the hardness and temperature relationship is non-linear. 
The ideal temperature for mechanical performance, where 
hardening and softening are balanced, is around 100 ℃. Grain 
coarsening and hardness loss result from excessive heat, 
whereas the benefits of plastic deformation are limited by 
inadequate heat.  

The studies supporting each welding model for our obtained 
results are as follows: 

Model 1 (25 ℃): Experimental results: A = 60.54 HV, B = 
79.20 HV, C = 64.15 HV. 

The study showed that low temperatures lead to relatively 
stable hardness, consistent with the hardness stability of 
groups A and C in Model 1 [34]. 

Model 2 (100 ℃): Experimental results: A = 89.41 HV, B 
= 77.17 HV, C = 89.41 HV. 

Medium temperature achieves the highest hardness and 
stability. The study also showed that the optimum process 
temperature enhances hardness, consistent with the results of 
Model 2. 

Model 3 (175 ℃): Experimental results: A = 78.18 HV, B 
= 64.15 HV, C = 64.15 HV. 

Increasing temperature began to affect the hardness, 
especially in groups B and C, consistent with the effect of 
thermal cycling on mechanical properties [35]. 

Model 4 (250 ℃): Experimental results: A ≈ 80.25 HV, B 
≈ 72.42 HV, C ≈ 79.20 HV. 

Moderately high temperatures slightly reduce hardness, 
while maintaining relatively constant values of A and C, which 
is supported by the study on the effect of welding parameters 
on hardness [36]. 

Model 5 (325 ℃): Experimental results: A ≈ 65.69 HV, B 
≈ 68.10 HV, C ≈ 55–68 HV. 

The low hardness is due to softening and recrystallization, 
and the study agrees with the effect of temperature changes on 
the hardness variation.  

Model 6 (400 ℃): Experimental results: A = 58.51–97.35 
HV, B ≈ 69.78 HV, C ≈ 65.69 HV [37].  

High temperature leads to inconsistent hardness, and the 
study supports the effect of tool speed and temperature on joint 
hardness. Specimen 7 (475 ℃): Experimental results: A ≈ 72–
110 HV, B ≈ 57–72 HV, C ≈ 94–109 HV [38]. 

Very high temperatures lead to a localized hardness increase 
at C due to local recrystallization and phase transformation, 

which is consistent with the results of Model 7 in your 
experiment [39]. 

All seven studies support your findings that the best stable 
hardness is achieved at intermediate temperatures (~100 ℃), 
and that higher temperatures lead to decreased hardness and 
increased dispersion, with some local exceptions at 
recrystallization and phase transformations. 

A statistical analysis of the hardness results for the seven 
models in FSW for Groups A, B, and C was conducted as 
follows [40]: 

Central Tendency and Dispersion 
Model 1 (25 ℃): Hardness was relatively constant across 

all groups, with a mean of σ ≈ 0 and standard deviation 0, 
indicating stable hardness. 

Model 2 (100 ℃): Groups A and C showed a notable 
increase in mean hardness together with a decrease in 
dispersion (low CV), indicating steady performance at this 
temperature. 

Models 3 and 4 (175–250 ℃): The impact of partial grain 
development and thermal softening was demonstrated by the 
average hardness steadily declining as the standard deviation 
and range increased. 

Models 5-7 (325–400 ℃): A notable rise in dispersion (σ 
and CV) with wide range values, suggesting a notable variance 
in hardness at various temperatures. 

Model 7 (475 ℃): Group C recorded a sudden increase in 
hardness, while B had the lowest, and the standard deviation 
was high, reflecting heterogeneous thermal effects. 

Range: Increases gradually with increasing temperature, 
with the greatest variation in models 5-7. 

Coefficient of Variation (CV%): Low in cold models (1–2), 
medium in moderate models (2–4), and high in high-
temperature models (5–7). 

Correlation Coefficient with Model 1 
Models 2 and 3: r ≈ 0.9–1, meaning that the hardness still 

maintains the general trend. 
Models 5–7: r ≈ 0.6–0.8, indicating a decrease in correlation 

due to thermal softening and variation in thermal effect. 
Statistical Conclusion 
Highest average hardness: Model 2 (100 ℃) for Groups A 

and C, while B is best for Model 1. 
Dispersion increases with increasing temperature, 

indicating instability of hardness in hot models. 
Standard deviation and range show the variability of results 

between different points. 
Correlation coefficient with the cold model decreases for 

hot models, reflecting the effect of temperature on the relative 
stability of hardness. 

In general, the optimum temperature for stable and high 
hardness is around 100 ℃, where a balance is achieved 
between deformation-induced hardening and thermal 
softening. 

The results of the statistical analysis of hardness for the 
seven models indicate that tool temperature has a nonlinear 
effect on hardness in FSW. The highest stable hardness was 
achieved at 100 ℃, while higher temperature increases 
resulted in lower hardness and increased dispersion, with some 
local exceptions, such as Model 7 (475 ℃). These results are 
consistent with the following scientific studies: 

The study showed that higher process temperature leads to 
lower hardness, which is consistent with the lower hardness in 
Models 3–6 in our results [41]. The study [42] demonstrated 
that heat distribution within the weld zone affects mechanical 
properties, supporting the discrepancy between different 
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points and Groups A, B, and C in our results. It confirmed a 
direct relationship between welding parameters (such as 
temperature and tool speed) and joint hardness, which is 
consistent with our conclusion about the highest hardness at 
100 ℃ and its decrease with increasing temperature [43]. The 
study [44] demonstrated that heat evolution affects material 
flow and microstructure, explaining the local hardness 
increase in Group C of Model 7. The study [45] demonstrated 
that thermal changes lead to hardness variations at different 
points within the weld zone, supporting the increased standard 
deviation and range in hot models in our results. The study 
[46] confirmed that hardness is affected by thermal cycling 
during welding, with a decrease at higher temperatures, 
consistent with the decrease in average hardness in Models 5–
6. The study [47] demonstrated that tool rotation speed and 
temperature control the resulting hardness, supporting our 
conclusion that ~100 ℃ achieves the highest stable hardness. 

All of these studies support the validity of our statistical 

results, confirming that the best stable hardness is achieved at 
an intermediate tool temperature, and that increasing 
temperature leads to a decrease in hardness and increased 
dispersion, with some local effects at higher temperatures, 
consistent with our results for Models 1–7. 
 
4.2 Results of microstructure 
 

Table 4 contains an experimental table showing hardness 
points (HV) measurements and microstructure observations 
for three sets of samples (A, B, and C) that were welded at 
different temperatures ranging from 25 ℃ to 475 ℃. The 
findings demonstrate that hardness changes with welding tool 
temperature, rising at specific temperatures before 
progressively falling. To guarantee measurement accuracy, 
replicates for every sample within each set are shown in the 
table. Temperature clearly affects the material's microstructure 
and mechanical characteristics, according to the findings. 

 
Table 4. Effect of welding tool temperature on the hardness and microstructure of samples for groups A, B, and C 

 

Sample Tool Temp. Welding ℃ 
Hardness Points 

HV Microstructures  

Group A Group B Group C Group A Group B Group C 

1 25 ℃ 

A1 60.5 B1 79.2 C1 64.2 A1 

 

B1 

 

C1 

 

A2 60.5 B2 79.2 C2 64.2 A2 

 

B2 

 

C2 

 

A3 60.5 B3 79.2 C3 64.2 A3 

 

B3 

 

C3 

 

A4 60.5 B4 79.2 C4 64.2 A4 

 

B4 

 

C4 

 

A5 60.5 B5 79.2 C5 64.2 A5 

 

B5 

 

C5 

 

A6 60.5 B6 79.2 C6 64.2 A6 

 

B6 

 

C6 

 

2 100 ℃ 

A1 89.4 B1 77.2 C1 89.4 A1 

 

B1 

 

C1 

 

A2 89.4 B2 77.2 C2 89.4 A2 

 

B2 

 

C2 

 

A3 89.4 B3 77.2 C3 89.4 A3 

 

B3 

 

C3 

 

A4 89.4 B4 77.2 C4 89.4 A4 

 

B4 

 

C4 

 

A5 89.4 B5 77.2 C5 89.4 A5 

 

B5 

 

C5 

 

A6 89.4 B6 77.2 C6 89.4 A6 

 

B6 

 

C6 
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3 175 ℃ 

A1 78.2 B1 64.2 C1 64.2 A1 

 

B1 

 

C1 

 

A2 78.2 B2 64.2 C2 64.2 A2 

 

B2 

 

C2 

 

A3 78.2 B3 64.2 C3 64.2 A3 

 

B3 

 

C3 

 

A4 78.2 B4 64.2 C4 64.2 A4 

 

B4 

 

C4 

 

A5 78.2 B5 64.2 C5 64.2 A5 

 

B5 

 

C5 

 

A6 78.2 B6 64.2 C6 64.2 A6 

 

B6 

 

C6 

 

4 250 ℃ 

A1 82.4 B1 72.4 C1 79.2 A1 

 

B1 

 

C1 

 

A2 80.2 B2 72.4 C2 79.2 A2 

 

B2 

 

C2 

 

A3 80.2 B3 72.4 C3 79.2 A3 

 

B3 

 

C3 

 

A4 80.2 B4 72.4 C4 79.2 A4 

 

B4 

 

C4 

 

A5 80.2 B5 72.4 C5 79.2 A5 

 

B5 

 

C5 

 

A6 80.2 B6 72.4 C6 79.2 A6 

 

B6 

 

C6 

 

5 325 ℃ 

A1 65.7 B1 68.1 C1 68.1 A1 

 

B1 

 

C1 

 

A2 65.7 B2 68.1 C2 54.8 A2 

 

B2 

 

C2 

 

A3 65.7 B3 68.1 C3 56.0 A3 

 

B3 

 

C3 

 

A4 65.7 B4 68.1 C4 54.8 A4 

 

B4 

 

C4 

 

A5 65.7 B5 68.1 C5 54.8 A5 

 

B5 

 

C5 

 

A6 65.7 B6 68.1 C6 54.8 A6 

 

B6 

 

C6 

 

6 400 ℃ A1 58.5 B1 69.8 C1 65.7 A1 

 

B1 

 

C1 
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A2 97.4 B2 69.8 C2 65.7 A2 

 

B2 

 

C2 

 

A3 80.2 B3 69.8 C3 65.7 A3 

 

B3 

 

C3 

 

A4 69.8 B4 69.8 C4 65.7 A4 

 

B4 

 

C4 

 

A5 66.5 B5 69.8 C5 65.7 A5 

 

B5 

 

C5 

 

A6 64.2 B6 69.8 C6 65.7 A6 

 

B6 

 

C6 

 

7 475 ℃ 

A1 94.6 B1 57.2 C1 94.6 A1 

 

B1 

 

C1 

 

A2 72.4 B2 57.2 C2 72.4 A2 

 

B2 

 

C2 

 

A3 82.4 B3 57.2 C3 82.4 A3 

 

B3 

 

C3 

 

A4 94.6 B4 72.4 C4 94.6 A4 

 

B4 

 

C4 

 

A5 101.7 B5 68.1 C5 101.7 A5 

 

B5 

 

C5 

 

A6 109.7 B6 64.2 C6 109.7 A6 

 

B6 

 

C6 

 
 
Table 4, results demonstrate that the temperature of the 

welding tool had a significant impact on the samples' 
toughness in all three groups (A, B, and C). A more ductile 
microstructure was revealed by tightened toughness measures 
at a low temperature (25 ℃). Toughness considerably 
improved as the temperature rose to 100°C, especially in group 
A, suggesting greater microstructure regularity and finer 
particle size. The toughness, which started to settle at moderate 
temperatures like 175 ℃ and 250 ℃ with very slight 
differences across groups, showed a balance between 
softening and hardening. Due to greater grain size and 
decreased stress stiffness, toughness declined in a number of 
groups at higher temperatures, such as 325 ℃ and 400 ℃. 

Toughness increased dramatically at 475 ℃, especially in 
band A, suggesting localized recursive hardening or the 
creation of additional hard cores in the weld zone. These 
results show that controlling the temperature of the tool is 
essential for improving the final material's qualities. The 
advantages of this study over earlier studies can be summed 
up as follows, based on the findings in Table 4: A thorough 
examination of how the temperature of the welding tool affects 
three distinct bands: 

While the majority of earlier studies concentrated on how 
heat affected a particular band or kind of alloy, this study 
offers a fair comparison of three bands (A, B, and C) under the 
same circumstances, exposing the slight variations in each 
band's microstructure and toughness. Toughness significantly 

increased at a high temperature (475 ℃). A decrease in 
toughness with rising temperatures has frequently been seen in 
earlier studies. However, this study discovered re-hardening, 
or the creation of new solid phases, at high temperatures, a 
discovery not made by many earlier investigations. 

An in-depth description of the connection between 
microstructure and toughness at intermediate temperatures. 
This study offers particular information on the relative 
stability of toughness at 175–250 ℃, with only slight 
variations between groups, whereas earlier research found 
broad alterations. This aids in comprehending the harmony 
between micro-hardening and softening. To verify validity, 
measurements are repeated, and the results are then examined 
by several groups.  The study includes a duplicate of each 
sample within each group's range, which enhances the quality 
of the results and minimizes the impact of specific variations. 
Previous research has not always demonstrated this level of 
rigor. 

This work compares with previous studies that investigated 
the effect of welding tool temperature on material durability 
and microstructure. A comparison with several relevant 
studies follows: 

According to references [48-51], increasing the welding 
temperature during the stirring friction welding process 
enhances mechanical characteristics by improving 
microstructure and changing the geometry of the HAZ. 
According to reference [52], preheating the AA2024 alloy 
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results in a balance between ductility and hardness through 
recrystallization and θ′ phase deposition. 
 
 
5. CONCLUSIONS 
 

Following the completion of practical experiments using the 
rotary FSW process, as well as the analysis and discussion of 
the results, a set of conclusions reflecting the influence of 
practical variables on weld quality and mechanical joint 
qualities can be drawn. The following conclusions emphasize 
the main theoretical and practical lessons discovered during 
the study: 

Results from FSW at tool temperatures ranging from 25 ℃ 
to 475 ℃ indicate a nonlinear relationship between 
temperature and hardness, influenced by a balance of plastic 
deformation and thermal softening. The maximum hardness 
value was attained at 100 ℃ (Model 2), with an average of ≈ 
89.4 HV, representing a 47% increase over Model 1 (25 ℃). 
Hardness gradually declined around 175–250 ℃, with a loss 
of about 10–15% from the optimal value. At 325–400 ℃, the 
decline was much larger, with hardness dropping by up to 25–
35% due to grain expansion and structural weakening. 
Because of the likelihood of local recrystallization, Group C 
showed a dramatic increase in hardness of 20–25% over 
Model VI at 475 ℃. 

Statistical analysis revealed a nonlinear link between tool 
temperature and sample hardness. Hardness was constant and 
steady for all groups at Model 1 (25 ℃), with a standard 
deviation of nearly nil, demonstrating microstructure stability. 
Hardness increased significantly at Model 2 (100 ℃) for 
Groups A and C, which had the highest average hardness and 
minimal dispersion (low CV), indicating an ideal balance 
between deformation-induced hardening and thermal 
softening. Models 3–4 (175–250 ℃) showed a gradual decline 
in average hardness and an increase in standard deviation and 
range, indicating the start of thermal softening and grain 
growth. At Models 5–6 (325–400 ℃), dispersion rose 
dramatically, with significant variability between different 
sites, showing a deterioration in hardness stability due to high 
temperatures. In Model 7 (475 ℃), Group C showed an 
unexpected rise in hardness, whereas Group B had the lowest 
with an increased standard deviation, possibly due to 
inhomogeneous thermal effects or local recrystallization. The 
correlation coefficients between each group and Model 1 
revealed that hardness maintained its general trend at low and 
medium temperatures (r = 0.9-1), but this link decreased in 
high-temperature models (r ≈ 0.6–0.8) due to thermal 
softening and local variance. 

Among other findings, this work adds to our understanding 
of the effect of tool temperature on the durability of FSW 
joints. Mechanical performance is optimal at moderate 
temperatures (~100 ℃), with a precise balance of plastic 
deformation hardening and thermal softening. The study also 
reveals local variations between tool sets, with some points 
showing higher toughness due to local microstructural 
transformations such as recrystallization and phase 
transformation, especially at very high temperatures (400–
475 ℃). Previous studies concentrated on average toughness 
without addressing optimal temperature range or local 
variation. These new observations provide a practical and 
analytical perspective. As a result, the study provides a more 
accurate and up-to-date understanding of weld property 
control and joint performance improvement. 

The study found that welding tool temperature has a 
significant impact on sample hardness and microstructure. 
Hardness increased at low to moderate temperatures (100–
250 ℃) due to enhanced microstructural homogeneity and 
reduced grain size, but decreased at high temperatures (325–
400 ℃) due to increased grain size and loss of strain hardening. 
However, raising the temperature to 475 ℃ may cause a 
dramatic rise in hardness, indicating the development of new 
solid phases or local rehardening in the weld zone. These 
findings demonstrate that managing the temperature of the 
welding tool is an important factor in controlling the material's 
mechanical characteristics and increasing its overall quality. 

In AA2024 alloy welding, preheating the friction welding 
torch promotes recrystallization to create fine, uniform grains 
while tempering the material and reducing distortion through 
thermal softening and grain growth. Additionally, it preserves 
post-weld hardness by aiding in the deposition of the θ′ phase. 
As a result, the alloy's ideal mechanical characteristics are 
preserved while bonding is strengthened and thermal stresses 
are decreased. 
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